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Premise of research. The opening of the Drake Passage in the Miocene (disconnecting Antarctica and South
America and resulting in the establishment of the Circumpolar Current preventing warm waters from the north
to reach the polar continent) has led to the formation of the ice sheets and the retreat of the temperate to tropical
vegetation that had covered Antarctica for millions of years. With only two current native vascular plant spe-
cies, Antarctica has been virtually ignored in biogeographical reconstructions and, when considered, only a
posteriori invoked as a route of dispersal to reconcile inferred disjunct biogeographical patterns.
Methodology. Here, we provide a brief overview of the rich fossil record of Antarctica, further confirming
that many plant families were once present on this continent and that the age of a family is mostly not correlated
with its presence or absence on the continent. Such evidence indicates a need to develop a paleogeographicalmodel
incorporating Antarctica that can be applied to constrain ancestral area reconstructions.We propose such amodel
and investigate its effects on biogeographical scenarios using the cosmopolitan plant family Myrtaceae (a family
with a rich fossil record in Antarctica) as a case study.
Pivotal results. Based on this evidence and previous studies that have shown the importance of Antarctica in
the biogeography and evolution of plant lineages, we argue that this region should routinely be included as a
predefined area in biogeographical analyses.
Conclusions. A possible paleogeographical model including Antarctica is proposed. It is subdivided into five
time slices and spans the last 160Myr. We expect that the formal inclusion of Antarctica in ancestral area recon-
structions (using an evidence-based biogeographical model) will open further discussions and research programs
assessing the importance of this area in shaping the current temperate and tropical floras and increase the preci-
sion of resulting biogeographical patterns.
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Introduction
Our understanding of biodiversity patterns and the distribu-
tion of species on the planet have benefited enormously from the
development of phylogenetic and statistical approaches applied
to reconstruct biogeographical patterns and infer the associated
processes underpinning them (Sanmartin et al. 2001). An in-
creased number of newmethodologies have been developed, from
the study of vicariance and dispersal events (Ronquist 1997; San-
martin andRonquist 2004), to parametric approaches (Ree et al.
2005; Ree and Smith 2008; Ree and Sanmartín 2009), Bayesian
methods (Sanmartin et al. 2008; Lemey et al. 2009), and more
recently developed tools that allow comparisons of approaches
and inclusion of distance and dispersal parameters (Matzke
et al. 2014;Matzke 2015;Matzke andWright 2016; Sukumaran
et al. 2016; Van Dam and Matzke 2016). These methods allow
the integration of several variables that have either implicitly
played an important role in the distribution of species through-
out evolutionary time (e.g., plate tectonics, global wind patterns,
ocean currents) or provide information on the presence of species
in areas where they may not be found today (e.g., fossils, pollen
cores).
Notwithstanding these methodological improvements, a key
step in the design of any biogeographical analysis remains the
definition of areas. Most biogeographical studies define areas
in which organisms occur based on past geological events (i.e.,
the geological criterion) either at a global scale (Buerki et al.
2011) or using more localized partitioning (e.g., island biogeog-
raphy; Ree and Smith 2008; Bennett and O’Grady 2013; Strijk
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et al. 2014; for further discussion, see Barry Cox 2001; Arias
et al. 2011; Buerki et al. 2011; Arias 2017). Other studies cir-
cumscribe areas based on the ecological tolerance and current
distribution patterns of their group of interest (i.e., areas of ende-
mism; Morrone and Crisci 1995). This approach may be prob-
lematic in the sense that different groups may exhibit different
distribution patterns and, therefore, resulting area definition may
not be comparable across groups (Buerki et al. 2011). If the
studied group is relatively narrowly distributed, areas are usually
defined by taking into consideration past geological or climatic
conditions (Forest et al. 2014;Wang et al. 2014) or basedon veg-
etation types/biomes (e.g., Cardillo et al. 2017). In contrast,
when the taxa being studied have a comparatively broader distri-
bution range (i.e., worldwide scale), areas generally refer to ma-
jor continental units in a similar configuration across studies.Of-
ten this will include, at least in part, Africa, Madagascar and the
Mascarene Islands (although some studies consider Africa and
Madagascar a single area), South and Central America, North
America, Eurasia (with the Indian subcontinent sometimes con-
sidered independently), Southeast Asia, and theAustralia-Pacific
region (Buerki et al. 2011, 2013; Calviño et al. 2016; Ruhfel
et al. 2016).
Current biogeographical analyses more often focus on present-
day distributions, while the role played by ancestral distributions
(i.e., extinct lineages currently occurring outside of the range of
extant taxa) is generally either ignored in ancestral area recon-
structions or considered subsequent to the analysis (but see
Nauheimer et al. 2012; Meseguer et al. 2015; Estrella et al.
2017). This situation is particularly acute regarding Antarctica.
Although most of Antarctica’s surface is currently covered with
ice, the continent has a rich vegetation history, comprehensively
reviewed by Cantrill and Poole (2012). Antarctica was predom-
inantly ice-free following the Gondwana breakup (ca. 160Ma)
and was covered by temperate to subtropical forests along its
coastal areas until the Pliocene (Swenson andBremer 1997; Can-
trill and Poole 2012). For a time, Antarctica was connected to
other major landmasses of Gondwanan origin (Scotese 2004;
Müller et al. 2016), and light conditions were more favorable
for plant growth, as the continent was at more northern lati-
tudes than it is today (Scotese 2004; Müller et al. 2016). From
the Late Cretaceous to middle Eocene, global temperatures
were warmer; Antarctica temperatures were assumed to have
oscillated around 207C, thus being able to sustain tropical/sub-
tropical vegetation (Pross et al. 2012). The role played by this
vegetation type has been suggested as being pivotal in shaping
the biogeographical patterns observed in many plant groups
(Nauheimer et al. 2012; Conran et al. 2015; Givnish et al.
2016a). There is also a rich fossil flora in Antarctica associated
with this period (fig. 1).
In general, parametric biogeographical studies dealing with
broadly distributed taxa or groups with clear Southern Hemi-
sphere distribution patterns (and of relatively old origin) have
investigated biogeographical patterns with only an a posteriori
consideration ofAntarctica’s role (e.g., Cai et al. 2016; Cardinal-
McTeague et al. 2016; Givnish et al. 2016a, 2016b; Ruhfel et al.
2016). This role is always as a possible dispersal route between
South America, Africa, or Australia. There is extensive evidence
of the past presence of several plant groups in Antarctica (fig. 1),
including several plant lineages now characteristic of tropical re-
gions. Nevertheless, there are a few exceptions. Nauheimer et al.
(2012) studied the evolutionary origin of Araceae and included
Antarctica not merely as a dispersal route but as one of the areas
within their biogeographical model, although this approach has
not been extensively followed. Landis (2017) advocated the ap-
plication of a paleogeographically informed process to date phy-
logenies and included Antarctica as one of the continental units
in his model.More recently, the evolutionary origin of subfamily
Detarioideae of the legume family was investigated using a bio-
geographical reconstructionmodel implicitly allowing taxa to be
present in Antarctica at relevant time periods (Estrella et al.
2017).
Here, we test whether the inclusion of Antarctica would af-
fect the biogeographical reconstruction of a group for which
there is extensive fossil evidence of its presence there, using a re-
cently published phylogenetic study of tribe Myrteae (Myrta-
ceae; Vasconcelos et al. 2017) as a case study. We also present
a brief overview of the fossil record of angiosperms and gym-
nosperms in Antarctica to further explore the potential role this
continent played in shaping current plant distributions. Finally,
this overview also demonstrates the implications of considering
Antarctica not only as an a posteriori route for dispersal but
also as a predefined area in biogeographical analyses. To achieve
these goals and further test these hypotheses, a stratified paleo-
geographical model is proposed and used to constrain paramet-
ric biogeographical analyses. Such amodel will contribute to the
implicit consideration of the role of Antarctica through time in
plant biogeography.
Antarctica Vascular Plant Flora: An Overview
of the Fossil Record
The presence of a taxon in the fossil record in any region of
the world confirms the occurrence of a particular group there
at a given time, while the absence of a group in the fossil record
could be either the result of its limited past abundance or caused
by other problems linked to the fossilization process itself (Beh-
rensmeyer et al. 2000). The vagaries of fossilization mean, as is
generally the case worldwide, a taxonomic bias in the fossil rec-
ord is also found in Antarctica, with some groups having an
abundant fossil record and others being absent (Cantrill and
Poole 2012). Furthermore, confirming the presence of a specific
group in Antarctica could be largely compromised by the labo-
rious and complicated process of investigating the fossil record
on the continent, as only few localities have been explored due
to limited accessibility (Cantrill and Poole 2012).
Antarctica was free of permanent ice during the Paleozoic,
Mesozoic, and early Paleogene (Cantrill and Poole 2012; Ig-
lesias 2016). During this period, the flora on James Ross Island
comprised cycads, conifers, ferns, and angiosperms from the
Santa Marta Formation (early–mid Campanian; 83.6–72.1 Ma).
The early Cretaceous periodwas characterized by a global warm
climate and polar regions free of permanent ice covers (Francis
and Frakes 1993; Zachos et al. 2001; Zachos et al. 2008; Ga-
leotti et al. 2016). Southern Hemisphere forests were dominated
by podocarpaceous and araucariaceous gymnosperms,whichwere
accompaniedbya lower vegetationof gingkopsids, ferns, and an-
giosperms (Falcon-Lang and Cantrill 2001; Cantrill and Poole
2012). Thiswas apparently a common condition during that pe-
riod in the southern polar region (paleolatitude above 607S),
where forests were able to remain evergreen during the longer
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Fig. 1 Antarctica fossil record through geological time. Fossils of gymnosperms (black bars) and angiosperms (white bars) reported from
Antarctica along the different time slices proposed in the biogeographical model (a). Number of gymnosperms fossils reported from Antarctica
plotted on the gymnosperm phylogeny (b; Forest et al. 2018). Number of angiosperms fossils reported from Antarctica plotted on the angiosperm
phylogeny (c; Magallón et al. 2015). Stem age of angiosperm families with and without fossil representatives recorded in Antarctica (d; Cantrill
and Poole 2012; Magallón et al. 2015).
and darker (but warm) seasons with high respiration rates
(Falcon-Lang and Cantrill 2001; Cantrill and Poole 2012).
There are currently only two known native vascular plants
from Antarctica, Colobanthus quitensis (carnation family; Ca-
ryophyllaceae) andDeschampsia antarctica (grass family; Poa-
ceae), although if sub-Antarctic islands are considered as part of
the continent, this number increases to 261 (Greene andWalton
1975; Govaerts 2001). The taxonomic extent of the fossil rec-
ord is proof that Antarctica was once covered by a significantly
more diverse temperate to subtropical flora (Cantrill and Poole
2012; Pross et al. 2012; Barreda et al. 2015). The first record of
fossil plants from Antarctica was a carbonized wood from the
South Shetland Islands (Eights 1833), while the first records
of angiosperms in Antarctica are pollen records from the early
to mid-Albian on James Ross Island (Dettmann and Thomson
1987; Riding and Crame 2002). Since then, ∼68 extant angio-
sperm families have been reported in the fossil record of Ant-
arctica (Cantrill and Poole 2012; Behrensmeyer and Turner
2013), with Nothofagaceae, Proteaceae, and Myrtaceae among
the most regularly uncovered families (fig. 1).
Antarctica has most probably played a central role in the mi-
gration and evolution of angiosperms in southern latitudes dur-
ing the Early Cretaceous (Cantrill and Poole 2012). At a later
stage, angiosperms probably dominated Antarctic ecosystems
as they generally do worldwide today (fig. 1a). For example, le-
guminous leaves have been reported from King George Island
and Seymour Island (Zastawniak et al. 1985; Hunt and Poole
2003; Cantrill and Poole 2012). Birkenmajer and Zastawniak
(1986) described a diverse assemblage of dicotyledons from
Dufayel Island, including possible Cochlospermaceae, Dillenia-
ceae, Leguminosae, Sapindaceae, Sterculiaceae, and Verbena-
ceae (Cantrill and Poole 2012). Many other fossils of different
lineages have been found in Antarctica at different geological
periods (fig. 1), and some lineages may even have appeared
and then diversified from Antarctica, despite now being absent
from the continent.
We present an overview of the Antarctic plant (angiosperms
and gymnosperms) fossil record as compiled by Cantrill and
Poole (2012) as well as fossils in the Fossilworks database (Beh-
rensmeyer and Turner 2013) and examine their phylogenetic
coverage and temporal distribution (fig. 1). This exercise does
not attempt to be an exhaustive review of the fossil record (for
that, see Cantrill and Poole 2012; Behrensmeyer and Turner
2013; and references therein) but is meant to provide an over-
view of the past flora known from Antarctica, to support a nar-
rative that argues in favor of the incorporation of this area in
biogeographical models. During earlier times (fig. 1a), gymno-
sperms were probably dominant in Antarctica, with most repre-
sentatives assigned to Araucariaceae and Podocarpaceae (42
of 53 fossils reported; fig. 1b). There is a remarkable shift in
the fossil composition after the appearance of angiosperm line-
ages (fig. 1a). Flowering plant families represented in theAntarc-
tic fossil record are phylogenetically scattered across the angio-
sperm Tree of Life (fig. 1c). The prevalence of lineages such as
Nothofagaceae, Proteaceae, and Myrtaceae is evident, but also
manyof today’smore temperate lineages, such as Saxifragaceae,
previously occurred inAntarctica (fig. 1c).Moreover, there is no
temporal structure in the fossil record of Antarctica. Using a dated
phylogenetic tree of angiosperms (Magallón et al. 2015), we
consideredwhether the age (i.e., stemage) of familieswith a pres-
ence in the fossil record of Antarctica would be a good surro-
gate for determining whether Antarctica should be considered a
priori when reconstructing biogeographical patterns. We found
no evidence for the prevalence of older lineages in Antarctica’s
paleoflora.
The known Antarctic fossil record underlines the importance
of the use of Antarctica as an area in biogeographical models.
The absence of a given family from the fossil record of Antarc-
tica cannot itself justify disregarding it as a plausible area in rel-
evant time periods. The phylogenetic distribution of the fossil
record of Antarctica and the age of the families represented in
it, compared with those that are not, clearly demonstrates the
need to consider the continent independently of the organisms
being studied (fig. 1c, 1d). This overview of the gymnosperm
and angiosperm fossil record in Antarctica illustrates further
the need for a new stratified paleogeographical model for ances-
tral area reconstruction.
Proposal for a Biogeographical Model
including Antarctica
The paleogeographical model proposed here is adapted from
Buerki et al. (2011, 2013) and includes Antarctica for the rele-
vant time periods (fig. 2). The model is divided into five time
slices based on the model proposed by Buerki et al. (2013):
(1) Early to mid-Cretaceous (160–125 Ma), reflecting the pe-
riod leading to the Pangea breakup, when the world’s flora
was dominated by nonangiosperm taxa; (2) Mid-Cretaceous to
Late Cretaceous (125–80Ma), when the world was dominated
by gymnosperms and ferns, with the eminent appearance and
rise of angiosperms; (3) Late Cretaceous to Early Paleocene (80–
60 Ma); (4) Mid-Paleocene to Late Eocene (60–30 Ma); and
(5) Oligocene (30 Ma) to present (fig. 2). The area connection
matrices were developed following Buerki et al. (2013), by as-
signing a dispersal probability of 1.0 to areas directly connected,
of 0.5 to areas not directly connected but with a small barrier be-
tween them, and of 0.01 for areas with large oceanic barriers be-
tween them.
The Pangea supercontinent cleaved into two subunits, Lau-
rasia and Gondwana, separated by the Tethys Sea. Antarctica
was a central subunit in Gondwana, in contact with all other
subcontinents (fig. 2; for more details, see Scotese 2004; Müller
et al. 2016). Antarctica remained connected to New Zealand,
Australia, and South America until the late Cretaceous (fig. 2;
biogeographical implications are explored in Sanmartin and
Ronquist 2004; Buerki et al. 2011, 2013). Antarctica played a
central role in the evolution of Southern Hemisphere biodiver-
sity, allowing a connection between Australia and South Amer-
ica until the Eocene (fig. 2; Scotese 2004; Müller et al. 2016).
The landmass connection between Antarctica and Patagonia
(South America) through the Antarctic Peninsula vanished with
the opening of the Drake Passage in the Miocene (ca. 16 Ma;
Cantrill and Poole 2012), allowing development of the marine
CircumpolarCurrent. This current isolatedAntarctica fromwarm
sea currents coming from the north and initiated the first Antarc-
tic glaciation (Zachos et al. 2001, 2008; Scotese 2004; Cantrill
and Poole 2012; Galeotti et al. 2016). The new biogeographical
model, including area connection matrices for each time slice,
can be visualized in figure 2 (see also the appendix, available
online).
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Fig. 2 Biogeographical model. Paleogeographical model proposed, with five time slices reflecting the probability of area connectivity through
time; the position of Antarctica with respect to the South Pole is highlighted (a–e). Biogeographical regions proposed in the model following
Buerki et al. (2011, 2013): A p Eurasia, B p Africa, C p Madagascar (including the Comoro Islands and Mascarene Islands), D p India (in-
cluding Sri Lanka), E p Australasia (including Australia, New Guinea, New Caledonia, and New Zealand), F p North America, G p South
America (including Central America and the West Indies), H p Southeast Asia (including India, the Malaysian Peninsula, the Philippines,
Sumatra, Borneo, and the Inner Banda Arc as well as the Pacific Islands such as Hawaii), I p Antarctica and sub-Antarctic islands (f ).
Fig. 3 Biogeographical reconstruction of tribe Myrteae (details of early-diverging lineages). Original results from Vasconcelos et al. (2017;
a). Biogeographic reconstruction with the areas/connectivity matrices excluding Antarctica (b). Biogeographic reconstruction with the model pro-
posed here, including Antarctica; arrows point to deep nodes in which reconstructed area probabilities are more significantly divergent between
scenarios (c). The ancestral range estimation for Myrteae was performed using the dispersal-extinction-cladogenesis j (DECj) model in the
BioGeoBears R package (Matzke 2014; Matzke et al. 2015). The dispersal-extinction-cladogenesis (DEC) model as implemented in BioGeoBears
evaluates maximum-likelihood parameters for events involving range expansion and extinction and for cladogenetic events involving sympatry
and vicariance. DECj models have been shown to be significantly better than DEC models for island groups and for intercontinental distributions
(Matzke et al. 2014). Inferred ancestors were allowed to occupy all possible areas, and dispersal probabilities between pairs of areas were spec-
ified following the proposed model for the different time slices (fig. 2).
Accounting for Antarctica: Challenges and
a Myrtaceae Case Study
The assignment of fossils to specific lineages or nodes onto a
phylogeny as calibration points for the estimation of divergence
times is rarely performed unequivocally. One way to increase
confidence in the phylogenetic position of a fossil is to use an ap-
proach combining the reconstruction of morphological features
shared between extant and extinct species along a constrained
phylogenetic framework (see Barreda et al. 2015). However,
not all plant groups allow such an approach because of limited
morphological features available from the fossil record. For ex-
ample, pollen fossils of Sapindaceae have been found in Antarc-
tica, but these aremostly associated to the type B pollen category
(as defined by Müller and Leenhouts 1976). This pollen type is
scattered across different genera in the phylogenetic tree of Sa-
pindaceae, greatly reducing the utility of the character in the cal-
ibration (Buerki et al. 2009). The incomplete fossil record is also
an inherent issue.
TribeMyrteae (Myrtaceae) represents a good example of how
different fossil placement in calibration of phylogenetic trees can
affect results (Vasconcelos et al. 2017). In addition, the oldest
fossilized representatives of the family are from Antarctica and
are represented by wood and leaf remains (Poole et al. 2003;
Cantrill and Poole 2012). Therefore, this group is a pertinent
clade in which to test whether direct inclusion of Antarctica in
the biogeographical model would result in different biogeo-
graphical scenarios compared with models that do not account
for it.Weuse the dispersal-extinction-cladogenesis (DEC)model,
as implemented in the R package BioGeoBears (Ree and Smith
2008;Matzke 2015), to explore the potentially divergent results.
Figure 3a shows the first diverging lineages within tribeMyrteae
following the approach and parameters defined in Vasconcelos
et al. (2017). The results of the biogeographical model proposed
here are shown in figure 3b and 3c, excluding and including
Antarctica, respectively; the exclusion of Antarctica follows the
methodology of Buerki et al. (2011). The three nodes most af-
fected in the three analyses are identified by arrows. In the orig-
inal analysis of Vasconcelos et al. (2017), no single area is as-
signed to the deeper nodes (identified by arrows; fig. 3), with a
combination of areas being the most likely. This would suggest
a likely origin of the family inGondwana and explain its predom-
inance in the Southern Hemisphere today. Uncertainty at these
three deeper nodes remains (fig. 3b) when the biogeographical
patterns are reconstructed using the biogeographical model of
Buerki et al. (2011), where the area definition and dispersal ma-
trix differ slightly from those implemented in Vasconcelos et al.
(2017). The Antarctica-inclusive biogeographical model (fig. 3c)
presented here recovers a single predefined area, that is, Austra-
lia/New Zealand, as the most likely ancestral area on these three
deep nodes. This suggests that tribe Myrteae originated in this re-
gion, which was directly connected to Antarctica 80 Ma (fig. 2c),
where the oldest macrofossil of this tribe was discovered.
The most recent biogeographical reconstruction of Myrta-
ceae, based on a wide and representative species sample, was
undertaken by Thornhill et al. (2015). This Myrtaceae-focused
analysis returned an unequivocal ancestral area of Australia for
Myrtaceae and an ancestral area of tribe Myrteae shared be-
tween Australia and New Zealand. The results of Thornhill et al.
(2015) match those recovered using the Antarctica-inclusive
model presented here. This suggests that as well as increasing
biogeographical precision in the Myrteae-focused analysis of
Vasconcelos et al. (2017), the Antarctica-inclusivemodel has in-
creased biogeographical precision at all nodes, in line with an
analysis based on a much broader sample of taxa. Caution is
necessary, however, as the biogeographical methods used in the
two studies differ, with Thornhill et al. (2015) optimizing mod-
ern geographic locations of extant taxa over a dated phylogeny
using maximum parsimony and not implementing the DEC
model.
Conclusions
Antarctica still has many secrets to reveal, from deep ice cores
that will allow us to understand past climatic shifts (e.g., Jouzel
et al. 2007) or new fossil discoveries from the paleoflora (Can-
trill and Poole 2012). An early-diverging lineage of Asteraceae
was recently discovered (Barreda et al. 2015), which completely
changed our understanding of the evolution and biogeography
of the largest/most diverse angiosperm family and pushed its
previously assumed origin back by 20 Ma. More discoveries
of this type are likely in the future, as the exploration of Antarc-
tica’s fossil record continues. We expect that the formal inclu-
sion of Antarctica in ancestral area reconstructions using an
evidence-based biogeographical model will initiate further dis-
cussion about the role of Antarctica in shaping the distribution
of plants, particularly in the Southern Hemisphere, and give the
least well-explored continent of the world the importance it
deserves.
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